Polarization-dependent extended x-ray-absorption fine-structure measurements above the Co-K absorption edge were carried out to experimentally prove the theoretically predicted contraction of interatomic distances in nanoscale Co islands ( ≈ 1 nm) on Cu(001). Within the Co islands of thickness one monolayer (ML) which were deposited at 160 K substrate temperature, we find an in-plane Co-Co distance of 2.45 ± 0.02Å, significantly shorter than in bulk Co (2.51Å) and in close agreement with theoretical predictions. The effective in-plane coordination number N * Co ( ) is equal to 3.2 ± 0.5 and 5.0 ± 0.7 (N * = 6 for an infinite island) for samples covered by 0.3 and 0.7 MLs of Co, respectively. The low value for the 0.3 ML sample is related to the finite island size and to about 20% of the intermixing between the adsorbate and substrate atoms. The experimental results are supported by molecular dynamics calculations.
I. INTRODUCTION
Nanoscale objects on surfaces are intensely studied in solidstate physics due to their interesting physical and chemical properties, which are often considerably modified as compared to the bulk. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] This is because a considerable fraction of the atoms experiences a reduced coordination involving broken bonds and significant structural rearrangement. [8] [9] [10] [11] [12] [13] [14] [15] [16] Despite the decisive importance of the atomic geometry for the physical properties of a nanostructure, its precise knowledge is comparatively scarce, since generally this geometry does not exhibit a well-defined long-range order. [17] [18] [19] [20] This makes nanostructures difficult to analyze by classical diffraction methods. On the other hand, direct investigation by using scanning tunneling microscopy (STM) is often not possible due to the lack of sufficient lateral resolution.
For the study of the basic effects of spatial confinement, simple systems which can be prepared in an easy way are needed. In that respect, one of the most attractive systems is a submonolayer Co film deposited on a Cu surface, a model system for magnetic investigations over the last twenty years. The structural properties of cobalt films have been widely studied both experimentally and theoretically. In particular, an ensemble of Co nanoislands grown on Cu(001) represents a system whose morphology is considered to be well understood. [44] [45] [46] [47] STM experiments have indicated that, when adsorbed at temperatures far below 300 K to avoid surface diffusion of islands, 12 Co atoms on Cu(001) arrange in islands of about 1 nm in size, corresponding to about 16 atoms in the case of a square island. 47 Molecular-dynamics (MD) calculations have predicted 45, 46 that depending on the island size the average interatomic distance is reduced by up to 5% with respect to the bulk lattice constant of Co (2.51Å) due to the stronger bond experienced by the undercoordinated atoms at the edges of an island 49 and by the smoothing of the charge density as suggested by Smoluchowski. 50 This phenomenon is referred to as "mesoscopic misfit" (or "mesoscopic relaxations") 45, 51 and can be seen as a general property of nanoislands.
The concept of the mesoscopic misfit has explained sizedependent atomic relaxations in nanoislands and enabled an understanding of the details of atomic diffusion on strained surfaces. For instance, it has been shown that mesoscopic relaxations strongly affect the shape of a substrate and nanoislands during homo- 52, 53 and heteroepitaxy. 45 The relaxation can also change the details of atomic motion near the adislands 54 and on top of them. 46 The interplay between mesoscopic relaxations and activation barriers of interlayer mass transport at the edges of atomic-scale nanostructures has been revealed. 55 It has been found that mesoscopic relaxations in a substrate can induce surprisingly fast diffusion of small clusters, 43 which has a strong influence on the surface electronic structure of a nitrogen-covered metal substrate 56 and on the rates of chemical reactions on noble-metal surfaces. 57 The surface states over nanoscale islands are modified as the lateral size of an island changes, and this effect is also related to the size-dependent mesoscopic misfit. 29, 58 Despite some indirect experimental evidence from stress 59, 60 and reflection high-energy electron-diffraction 61, 62 experiments, the experimental verification of the concept of mesoscopic relaxations came only recently using surface x-ray diffraction (SXRD) 47, 48 by analyzing the static disorder of the Co atoms relative to the fourfold hollow sites of the Cu(001) substrate. Although the SXRD analysis is in perfect agreement with theory, 47, 48 it represents a rather indirect method for the quantification of the mesoscopic misfit, since the interatomic Co-Co distances were not directly determined. This calls for a more direct study of the internal geometry of nanoislands.
To this end, in this paper we have carried out an extended x-ray absorption fine-structure (EXAFS) study, which can directly reveal local structures around the absorbing atom. 63 Using polarization-dependent EXAFS spectra from the Co-K edge we show that Co-Co distances are contracted from 2.51Å in the Co bulk to 2.45Å within the islands of monolayer (ML) thickness, while the average effective coordination number (N * ) is sharply reduced from N = 6 * in the case of an infinite monolayer to N * = 3.2 ± 0.5 and 5.0 ± 0.7 for a 0.3 and 0.7 ML film as a result of the finite island size. The remainder of the paper has the following structure. In Sec. II we describe the experimental procedure. The experimental results are presented in Sec. III. In Sec. IV we interpret the experimental data by comparison with theoretical calculations.
II. EXPERIMENT
X-ray-absorption fine-structure measurements were carried out at the Pacific Northwest Consortium X-Ray Science Division insertion device beamline at the Advanced Photon Source (APS), Argonne National Laboratory, using the MBE1 end station 64 equipped with standard surface analytical tools. Cobalt was deposited on the clean Cu(001) surface by electronbeam evaporation from a high-purity (99.999% metal) rod. The substrate temperature T was kept in the range between 155 and 170 K (designated henceforth as 160 K). The film coverage was calibrated by reflection high-energy electron-diffraction oscillations and by Auger-electron spectroscopy. Two different preparations were carried out, where 0.3 and 0.7 ML of Co were deposited at a rate of 0.4 ML per minute. Here and in the following we refer to one ML as 1.54 × 10 15 atoms/cm 2 , i.e., one adsorbate atom per substrate atom. From previous STM experiments 47, 48 it is known that this procedure leads to one ML-thick nanoislands with a lateral size of about 1 nm.
The EXAFS measurements were carried out at the Co-K edge in the fluorescent yield (FY) mode using a seven-element solid-state Ge(Li) detector. Monochromatic x rays from a Si(111) double-crystal monochromator, with the APS ring operating in top-up mode, were incident on the substrate at approximately 2/3 of the critical angle (α c ≈ 0.4 deg) for total reflection to avoid errors due to anomalous dispersion effects. 65 The substrates were oriented such that the electric-field vector of the linearly polarized x-ray beam was either perpendicular (E ⊥, within α c ) or parallel (E ) to the plane of the substrate with E oriented along the [100] direction. Small azimuthal adjustments (within 2 deg) were made to shift small Bragg peaks and more readily permit their removal. No azimuthal dependence of the EXAFS signal is expected due to the high (p4mm) plane group symmetry of the average adsorption structure. In addition, Co and Cu foils (EXAFS Materials, Inc.) were measured as reference samples in transmission mode at room temperature. The energy calibration of the monochromator was also monitored simultaneously with the film measurements using transmission of scattered radiation through the Co foil upstream of the beam defining slits. 66 The beam size was typically 50 × 1000 μm (unfocused undulator beam) with an incident intensity of approximately 2 × 10 11 photons/sec as measured by a He-filled transmission ion chamber upstream of the sample after the beam defining slits.
III. RESULTS

A. Qualitative analysis
Four experiments were carried out on the film samples, in addition to the pure Cu and Co foils. A 0.3 ML film was studied in both perpendicular E ⊥ and parallel E orientations of the electric-field vector E at T = 160 K. A 0.7 ML film was prepared and data were collected in the E geometry at 160 K for comparison. This film was also subsequently measured for E at 295 K after an annealing at 370 K for 30 min.
The x-ray absorption near-edge structure (XANES) for each sample is shown in Fig. 1 . The edge positions of the films exhibit no discernable shift from that of the Co foil. The three E spectra are similar to that of the Co foil in having two features near 7725 and 7732 eV, with the 7725 eV feature noticeably lower in amplitude (see dashed lines in Fig. 1 ). This is in contrast to the 0.3 ML E ⊥ spectrum, where the 7725 eV feature is comparable in amplitude to that at 7732 eV and reminiscent of the XANES of the Cu foil. This orientational anisotropy is not unexpected and can be interpreted as a qualitative indication that the E ⊥ spectrum is dominated by Co-Cu correlation while in the case of the in-plane (E ) spectra both Co-Co and Co-Cu correlations play a role.
EXAFS interference functions, χ (k), were extracted from the FY data using the program ATHENA 67, 69 and are displayed in Differences between the spectra for E ⊥ and E are directly observable. Similar to the XANES spectra, the spectrum collected for the 0.3 ML sample in the E ⊥ geometry bears similarities to that of the Cu foil, particularly in the shoulderlike features at 5.8 and 7.4Å collected in E geometry, especially for the 0.3 ML sample. As outlined below quantitatively, the polarization dependence of the EXAFS amplitude is related to polarization-dependent contributions of the first (consisting mainly of Co atoms) and second (consisting mainly of Cu atoms) shells around a Co atom on a surface. Here and in the following we refer to the first and second shell of atoms as the shell composed of Co atoms located at a distance of about 2.45Å and the shell of Cu atoms located at a distance of about 2.54Å, respectively (see below).
Fourier transforms (FTs) of the k 2 χ (k) spectra were calculated for each spectrum by using a 10% Gaussian window function in WinXAS code. 70 The k range used for the FT integration extends from k min = 2.85Å −1 to k max = 11.75Å −1
(k min near 2.7Å −1 for the reference foils). Figure 3 compares the FTs, in which the polarization dependence of the EXAFS spectra becomes directly evident.
Close inspection of the position of the first maximum indicates that the FT of the 0.3 ML E ⊥ sample (black) is at a higher R value as compared to that of the 0.3 ML E sample (red). Also, in both cases the FTs derived from the E geometry have a contribution at the low-R side of the peak. As will be outlined quantitatively below, both observations are related to the presence of two shells (Cu and Co) instead of only one (Cu) in the case of the E ⊥ geometry. Furthermore, the FT of the 0.7 ML sample exhibits a significantly larger absolute amplitude, pointing to an overall larger coordination number as compared to the 0.3 ML sample. The quantitative analysis is outlined in the following section.
B. Quantitative EXAFS analysis
Fitting of the EXAFS data was carried out using model amplitudes and phases generated by the FEFF7-program 71 implemented in the WinXAS program, 70 which allows the simultaneous fitting of both the k 2 -and k 3 -weighted spectra in order to reduce correlations between the structure parameters. The fits were carried out in real space (R space) over a typical range 1.6 to 2.7Å in order to minimize any influence of multiple-scattering contributions and higher shells leaking into the first peak. For the analysis of the island structure a model calculation was carried out, in which the polarization dependence of the EXAFS amplitude was incorporated in the effective coordination number:
in which α ij represents the angle between electric-field vector E and the scattering path between the absorber i and the backscatterer j , where the summation extends over all atoms j of the shell. The effective coordination number N * contributes to the EXAFS amplitude, which is part of the general EXAFS equation:
with backscattering amplitudes F i (k), mean-free paths (λ i ), and phase shifts [δ i (k)] generated by FEFF. The parameter S 2 0 describes the effect the relaxation of the (N − 1) "passive" electrons has on the EXAFS amplitude after the photoelectron is emitted. 63, 72 The remaining parameters, N * i (effective 73 Subscripts Co and Cu correspond to coordination shells composed of cobalt and copper atoms, respectively. The upper section compares experimental results for Cu and Co foils with bulk values. The center section lists the parameters for structural models used for the analysis. The lower section provides the fit results for the four different experiments. Numbers in square brackets represent parameters kept fixed. Symbols ( ) and (⊥) refer to experimental geometry with the electric-field vector parallel or perpendicular to the surface plane, respectively. Experiments were carried out at room temperature (RT) and 160 K (LT). i (mean-square relative displacement), are available to be fit. In addition, a shift of the absorption edge energy E 0 is used to correct for differences in energy levels between the sample and those taken from FEFF.
Analysis of bulk Co and Cu
As a first step we have carried out the analysis of the EXAFS spectra of the pure Cu and Co foils, and the results of this analysis are compared with the room temperature nearest-neighbor distances in Co and Cu (see upper section of Table I ). We find that the first-shell distances are only slightly (≈0.01Å) lower than the corresponding bulk values (2.545 ± 0.005 versus 2.556Å) and (2.493 ± 0.005 versus 2.507Å) for Cu and Co at room temperature, respectively. 68 The close agreement between our results and the known bulk values indicates that the phases δ i (k) have proper values. More importantly, the analysis of the EXAFS amplitude allows us to derive the S 2 0 parameter, which will be used in the following for the fitting of the thin-film spectra. For the Cu and the Co foil we obtain S 2 0 = 0.98 ± 0.03 and 0.89 ± 0.03, respectively. These data are summarized in the upper section of Table I .
Analysis of Co/Cu(001) in E ⊥ geometry
The next step of the analysis is the development of a structural model for the description of nanoscale Co islands on Cu(001). To this end we have used an undistorted Co island, with the atoms located in fourfold hollow sites of a Cu(001) surface closely following the structural model derived by lowenergy electron diffraction for room temperature deposited Co on Cu(001). 74 It is schematically illustrated in Fig. 4 for an idealized 4 × 4 square island, representing an island with the lateral size of about 1 nm. The center section of Table I provides an overview of the structural parameters of the first two shells of a Co atom in an infinite, a 4 × 4, and a 6 × 6 island, the latter corresponding to a 1.5-nm-sized island.
In this idealized model, the distances to the Cu and the Co atoms (R Cu and R Co , respectively, see Fig. 4 ) are identical at 2.553Å, in agreement with the model for a complete Co ML on Cu(001). 74 Owing to the mesoscopic misfit in nanoislands R Cu and R Co are expected to differ by a small amount. This is in contrast to previous EXAFS studies of Co films on Cu(001) 38 for coverages 3 ML and higher deposited at room temperature which indicated results opposite from the low-temperature, submonolayer work reported here. Heckmann et al. 38 that the films were lattice matching in-plane to the copper and contracted out of plane to a near-neighbor distance in Co metal.
It is not possible to separate the contribution of two closely situated shells, namely, (i) the Co shell, which is expected to be located at a distance of R Co ≈ 2.44−2.48Å, and (ii) the Cu shell, which is expected to be at a distance of R Cu ≈ 2.52−2.55Å. 45, 52, 75 The limited k range of the EXAFS spectra prevents the direct analysis of the shell separation on the basis of the beat pattern in the χ (k) function according to the relation 76, 77 R ≈ π/(2 k). For R = 0.1Å the necessary k range is calculated to k = 15.7Å −1 , which is considerably larger than k ≈ 9Å −1 available in this experiment. Nevertheless, owing to the dipolelike distribution of the emitted photoelectron wave it is possible to disentangle the contributions from the two shells by taking advantage of the polarization dependence of the EXAFS amplitude. The polarization dependence is described by Eq. (1), which sets the relation between the effective coordination number and the angle α ij between the E vector and the scattering path from an absorber to the j atoms in the ith shell. In the present case the effective coordination number of Cu atoms in the E ⊥ geometry [N *
Cu (⊥)] is given by
since if the E vector points into the sample, the angle α 2j is approximately equal to 45
• for all four Cu atoms around the Co absorber. We have used the subscript "2" to emphasize that we are considering the second shell of neighbors. By contrast, for the E geometry, α 2j = 60
• , leading to N * Cu ( ) = 3. The situation is different for the first shell, which is composed of Co atoms. The first shell does not contribute in the E ⊥ geometry, since α 1j ≈ 90
• , i.e., N * Co (⊥) = 0. On the other hand, the Co shell does contribute in the E geometry, and N * Co ( ) strongly depends on the island size. 78 In detail this is shown in Fig. 5 , where N * Co ( ) is plotted versus the number of Co atoms assuming square islands for simplicity. For large island sizes, N * Co ( ) approaches N * = 6, the effective coordination number in an infinite layer.
In this way, the Cu-shell contribution was isolated by using the EXAFS spectra taken in the E ⊥ geometry. To this end the FT of the 0. 
from which we derive the fraction of embedded Co atoms as f = 0.22 ± 0.17. The structure parameters derived for the E ⊥ geometry are summarized in the first row of the lower section of Table I .
Analysis of Co/Cu(001) in E geometry
In the next step R Cu and N * Cu (⊥) were kept fixed and the FTs derived from E measurements were fit. By changing the experimental geometry from E ⊥ to E , N * 
This constraint is applied to fit the E FTs. In the present case N * Cu (⊥) = 7.3, which leads to N * Cu ( ) = 4.95. The lower part of Table I summarizes the fit results for all experiments carried out in the E geometry. There are two remarkable results. First, there is a significant reduction of R Co from 2.51Å in bulk Co to 2.45Å in the island. We also find a significant reduction in N * Co ( ) to values in the 3.2 to 5.5 range for the 0.3-and 0.7 ML sample, respectively [N * Co ( ) = 6 for an infinitely large island].
Very high-quality fits were achieved in general. The fit quality is quantified by the unweighted residuum (see Table I and Ref. 73) , which lies in the 1% range for all data. One example is shown in Fig. 6 , in which the magnitude and Uncertainties for the structural parameters were estimated by carrying out extensive raster calculations, one of which is shown in Fig. 7 for the 0.3 ML sample. Here, the residuum The cross marks the minimum. Allowance for an increase of Ru in the 10-20% range as indicated by the bar is used to estimate the uncertainty, which is about 0.02Å for R Co and 0.5 for N * Co ( ). It should be emphasized that the uncertainties derived in this way include correlations with the parameters σ and E 0 which were allowed to vary. Table I lists the best fit parameters and the Ru for all three samples.
IV. INTERPRETATION OF THE RESULTS
The EXAFS analysis allows detailed insights into the structure of the Co islands grown on Cu(001) at different coverages. The first important result of our study relates to the average Co-Co distance. The analysis shows that for the 0.3 ML sample the average interatomic distance within the islands equals to 2.45 ± 0.02Å, while for a 0.7 ML film the corresponding value is 2.46 ± 0.02Å.
For direct comparison we have carried out a theoretical analysis of the interatomic Co-Co distances in ensembles of Co nanoislands grown on a Cu(001) surface after the deposition of 0.3 and 0.7 ML of Co atoms at 160 K. Since the direct ab initio analysis of nanoislands containing about 50 atoms in fully relaxed geometry is hardly possible, in the present case we have used large-scale atomic simulations by means of the MD method. 79 Our theoretical study finds that at the given experimental conditions the ensemble averaged Co-Co distance is equal to 2.43 and 2.45Å for the 0.3 and the 0.7 ML sample, respectively. These values are in good agreement with those obtained from the current EXAFS analysis. This issue represents a remarkable result in that it is a direct proof of the mesoscopic misfit in nanoscale monolayers using a structure analysis method.
The second important result is the small effective coordination number N * Co ( ) = 3.2 ± 0.5 for a 0.3 ML Co film on Cu(001). According to the square island model (see Fig. 5 ) an effective coordination number of N * Co ( ) = 3.2 ± 0.5 is related to an island size of a few atoms only. Such a small island size has not been observed in previous STM experiments, 47, 48 which indicate a typical island size of about 1.0 and in some cases even 1.5 nm. Within the square island model these sizes correspond to 4 × 4 and 6 × 6 islands, respectively. The (apparent) disagreement between (STM) observed and estimated island size might have several reasons: At first, it should be noted that the island size might be overestimated in STM experiments due to the tip island convolution (see below). Second, from the independent analysis of the coordination number derived from the experiments carried out in the E ⊥ geometry, there is evidence for a 10-20% of alloying of Co atoms (see Sec. III.B.2), which should also lead to a reduction of N * Co ( ). In order to provide a quantitative explanation we discuss a simple model. of the Co atoms within the island can be directly calculated. For simplicity we have assumed an isometric island shape, but the detailed shape of the island does not strongly affect the (average) coordination number as long as no extremely anisotropic (e.g., dendritic) shape is assumed.
For the nonalloyed island (i.e., an island which is composed of Co atoms only) the effective coordination number equals N * Co ( ) = 4.00. We have also considered the island size distribution as shown in Figs. 3 and 5 of Refs. 48. For the largest and smallest islands we find values in the range between N * Co ( ) = 3.81 and 4.80. Thus, the isolated island shown in Fig. 8 can be viewed as representative for the 0.3 ML sample. In this case allowing for a 20% alloying significantly reduces the (average) coordination number from N * Co ( ) = 4.00 to 3.43, in quite good agreement with experiment. Here, it is assumed that the exchanged Cu atoms (black spheres) reside inside the island and not at the rim, in this way replacing only those Co atoms which experience a high coordination number N * Co ( ) = 6. It should be noted that the presence of vacancies inside an island would be very effective in reducing N * Co ( ) but appears as rather unlikely because of the considerable mobility of the adatoms at the surface, even at 160 K.
As noted previously, owing to the tip island convolution and depending on the tip conditions the (apparent) size of the islands might be larger than their "true" one by several tens of a percent. This possibility leads to the agreement between the experimental value of N * Co (||) and that calculated for a (smaller) model island and would not necessarily require the assumption of a 20% alloying. Nevertheless, the independent experimental evidence of a ≈20% intermixing (see Sec. III.B.2) is supported by theory: The theoretical studies suggest that, though the probability of the embedding of the deposited Co atoms into the topmost substrate layer is almost zero at very low coverage ( 0.1 ML), alloying is possible as the Co coverage increases. Alloying is possible even at the low temperature (160 K) at which the deposition and the experiments were carried out.
In order to understand the origin of the alloying mechanism, one has to take into account that the kinetics of an adatom on a surface is determined by the relation between two parameters: 
, where k B is the Boltzmann constant and T is the temperature of the substrate. For ν rel 1 embedding is kinetically not possible. If the surface diffusion length of the deposited atoms is large enough, the atoms attach to the existing island and thus do not incorporate into the substrate. By contrast, for ν rel 1, the incorporation is kinetically possible and the atoms embed. If the coverage of deposited atoms is small enough and there are no islands, the energy difference (E I − E D ) = 0.22 eV, and thus ν rel ∼ 10 −7 , and no embedding of Co atoms is possible. 79 However, if the fraction of the deposited Co is high enough, and the strain caused by the mesoscopic misfit arises in the substrate around the islands, 45, 52, 75 alloying is possible. It is known that even small values of surface strain could promote dramatic modifications of the values of the activation barriers E D and E I : tensile strain increases the activation barrier for the hopping diffusion and decreases the activation barrier for the embedding (for compressive strain the tendency is opposite). 84, 85 In the examined case, Co/Cu(001), the substrate below the Co islands is under compressive strain, while it is under tensile strain around the islands. 45, 75 It is remarkable that the magnitude of the tensile strain around the islands reaches 2%. 45, 75 Table II demonstrates how the energy difference (E I − E D ) depends on the value of the tetragonal tensile strain. Since the sign of the energy difference (E I − E D ) is modified, as the tetragonal strain reaches ≈1.5%, the surface diffusion is not kinetically possible anymore, and the incorporation of Co atoms takes place (it is important that for all considered values of the tensile strain, the embedding of Co into the topmost substrate layer is energetically favorable). As a result, our theoretical analysis suggests that, while at the early deposition stages incorporation of Co into the topmost Cu(001) substrate layer is not possible, it plays an important role after Co islands are formed.
The third result of our EXAFS studies is that there is a distinct dependence of N * Co ( ) on the Co coverage. For the asdeposited (160 K) 0.7 ML sample we find N * Co ( ) = 5.0 ± 0.7, which is considerably larger than the effective coordination number of N * Co ( ) = 3.2 ± 0.5, determined for the 0.3 ML sample. We attribute this effect not only to an increase of the island size with increasing coverage but also to the coalescence of the islands as observed in STM. 47 In agreement with this model, after sample annealing a further increase of N * Co ( ) = 125405-7 5.5 ± 0.5 is observed, corresponding to an island size larger than 100 atoms.
V. SUMMARY
We have carried out an EXAFS study of the local structure of nanoscale monolayer-thick Co islands grown on a Cu(001) surface at 160 K. This system represents the classical system for the verification of the concept of mesoscopic misfit. Using the polarization dependence of the effective coordination number, it is possible to separate the contributions of the two closely neighboring shells next to a Co atom on a surface, namely, Co at a distance of R Co = 2.45 ± 0.02Å and Cu at a distance of R Cu = 2.54 ± 0.01Å. We have resolved the contraction of the interatomic Co-Co distance from 2.51Å in bulk Co for the as-deposited and annealed sample, which is attributed to island coalescence. These values are still less than N * = 6 for an infinitely large island, due to the pronounced number of the undercoordinated atoms. The experimental results are supported by ab initio and molecular-dynamics calculations. Even at a temperature of 160 K, intermixing is kinetically possible due to the reduction of the activation barrier by strain resulting from the mesoscopic misfit.
